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* The quest for new physics: Energy and Precision Frontiers

* Two Precision Frontier probes with strong LANL involvement:
* Precision B decay measurements

* Neutrinoless B decay
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The quest for new
physics



k. - .Darlg Mat‘tef
L .(g:jawta.tlen.al Je.rglng)

No Baryonic Matter, no Dark Matter, no Dark Energy, no Neutrino Mass
What stabilizes Gg. il GNewton agaiNst radiative corrections!?

Do forces unify at high E! What is the origin of families!?

Addressing these puzzles likely requires new degrees of freedom
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® Where is the new physics? Is it Heavy!? Is it Light & weakly coupled?

~ 250 GeV

(mproton ~ I GeV)

| /Coupling



® Where is the new physics? Is it Heavy!? Is it Light & weakly coupled?

A SM particles BSM particles

| /Coupling

® [wo approaches



® Where is the new physics? Is it Heavy!? Is it Light & weakly coupled?

® [wo approaches

recision Frontier

(indirect access to UV d.o.f)
direct access to light d.o.f.

| /Coupling

Often requires use of powerful
particle accelerators (hence also
“Intensity Frontier”)




® Where is the new physics? Is it Heavy!? Is it Light & weakly coupled?

- EWSB mechanism

) - Direct access to hea articles
Energy Frontier 7P

(direct access to UV d.o.f)

- L and B non conservation

- CP violation (w/o flavor)

- Flavor violation: quarks, leptons
- Multi-TeV scale interactions

recision Frontier - Neutrino properties

(indirect access to UV d.o.f) - Dark sectors
direct access to light d.o.f. -

| /Coupling

® [wo approaches, both needed to reconstruct BSM dynamics:
structure, symmetries, and parameters of Lasm
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® Where is the new physics? Is it Heavy!? Is it Light & weakly coupled?

Energy Frontier
(direct access to UV d.o.f)

recision Frontier

(indirect access to UV d.o.f)
direct access to light d.o.f.

| /Coupling

- EWSB mechanism
- Direct access to heavy particles

- L and B non conservation

- CP violation (w/o flavor)

- Flavor violation: quarks, leptons
- Multi-TeV scale interactions

- Neutrino properties

- Dark sectors

LANL NP & HEP programs

play a prominent role at the Precision Frontier
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® Where is the new physics? Is it Heavy!? Is it Light & weakly coupled?

- EWSB mechanism

) - Direct access to hea articles
Energy Frontier 7P

(direct access to UV d.o.f)

- L and B non conservation

- CP violation (w/o flavor)

- Flavor violation: quarks, leptons
- Multi-TeV scale interactions

recision Frontier - Neutrino properties

(indirect access to UV d.ol) - Dark sectors
direct access to light d.o.f. -

| /Coupling

| will discuss B and BP decays as probes of
BSM weak interactions and L# non-conservation, respectively

|0



Beta decays as a probe of
new physics
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e Beta decays have played a central role in the development of the SM

* Nowadays: tool to challenge the SM & probe possible new physics
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® |n the SM, W exchange = V-A currents, universality

U;
gVij

/
di “IW
g“<

Ve
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GrB) ~ g2V;iIMu2 ~ GEW V; ~1v2V;

Vud Vus Vub
Vea Ves Vap
Via Vis Vi

Cabibbo-Kobayashi-Maskawa




® |n the SM, W exchange = V-A currents, universality

-

g v / U i

ij

d, W d d

=

g <
Ve
\_

GrB) ~ g2Vi/Mu2 ~ GEW Vi ~1/v2 V;

leptoquarks, Z’,

WhR, H,

SUSY,...




® |n the

SM, W exchange = V-A currents, universality
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|. Differential decay distribution (mostly sensitive to &sr7)

e PPy R | P p P
dFOCF(Ee){].lee |aEeEV‘|‘<J> _AE6+BEV+ -}

Lee-Yang, 1956 Jackson-Treiman-Wyid 1957



|. Differential decay distribution (mostly sensitive to &sr7)

: 'rneI ﬁe'ﬁl/ = pe & -
dl" o< F(Ee) {1 . bEe 'aEeEu+< ) - _AE6+BE,,+ }

Lee-Yang, 1956 Jackson-Treiman-Wyid 1957

b (gs€s, greT):
distortion of beta spectrum



|. Differential decay distribution (mostly sensitive to &sr7)

: 'rn'eI ﬁe'ﬁl/ = pe & -
dI‘ocF(Ee){l.bEe.aEeEu+() AE6+BE,,+ }

Lee-Yang, 1956 Jackson-Treiman-Wyid 1957



Differential decay distribution (mostly sensitive to &€sT)

dT o F(E,) {1

| bme | aﬁe'ﬁu
Ee koL,

—

(J) -

Pe Py
A B —-
E + E + -

Lee-Yang, 1956 Jackson-Treiman-Wyid 1957

Beta emission is
preferentially in

opposite the
nuclear spin, in
violation of
conservation

of parity.
Wu, 1957

60 —- .
Co 6q\li+e+ve

A~ -1

the direction 0

Co

B ® Magnetic




|. Differential decay distribution (mostly sensitive to &sr7)

: 'rneI ﬁe'ﬁu = pe & -
dI‘ocF(Ee){l.bEe.aEeEy+() AE6+BEV+ }

Lee-Yang, 1956 Jackson-Treiman-Wyid 1957

Neutron Spin

a(gn), Alga) , Blga guta), ...

isolated via suitable experimental
asymmetries

Electron

Neutrino




|. Differential decay distribution (mostly sensitive to &sr7)

o Me | ﬁe.ﬁ”l —’.— E @ ...-
Ao FE {1 R Al }

Lee-Yang, 1956 Jackson-Treiman-Wyid 1957

Neutron Spin

| e, Ay Blanget TN
isolated via suitable experimental /‘ :

asymmetries

Electron

Neutrino

Theory input: nucleon charges gasT
Great progress in lattice QCD, spearheaded by LANL theory group

|5



perform Monte Carlo integration of the path integral

® Discretize space-time into a finite Euclidean lattice (a,V) —

[Gluons not depicted]

Project on the proton eMn’

a09m310 4+  06m135 =H]
extrap. ¥
l-extrap. &

a09m220 e~
a09ml130 -+
a0bm310 &
a0bm220 =4

GuPta et al., 1806.09006 |

a ¢ | ! / Isolate the neutron e-n*
< > ' '
L als5m310 v+
al2m310 g~
al2m220L re+
al2m220 e~
L1F 312m220S +&+
Remove all systematics -
by performing calculation L.
on many little universes
with different mq, a, L Lor.%
0.lOQ 0.04
|6
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Current low-E data:
dominated by
b(0*— 0*), A(n)

Gonzalez-Alonso,
Naviliat-Cuncic,
Severijns, 1803.08732

pp —? ev+X

u
e
u
d €
ud
u
dd Vv
35.9fb~! (13TeV)
w0 [T | | T T T T ]
M epps T W-Boson  —— UED M=3.8Tev

Events/(40 GeV)

Data/Bkg.

tr = RPV stau M=3,8 TeV
[ Diboson — SSM W'M=3.8TeV 7
I Multijet m— SSM W' M=1,8 TeV
W /e . Syst, uncertainties -

500 1000

1500 2000 2500 3000 3500 4000

MT(GEV)



CURRENT

n— p e V 0.010¢f
n d ©
d €
v i
u 0.005¢
) P |

gs=1.01(10)
g7 =0.99(4)

&1 @ M= 2 GeV (MS-bar)

9 0.000
Current low-E data:w//\ 7
dominated by ' I
b(0+— 0%), A(n) |
~0.005} LHC 36fb-!
Gonzalez-Alonso, ‘ @ |3 TeV
Naviliat-Cuncic,
Severijns, 1803.08732 Bhattacharya et a
' 1806.09006 |
-0o010f .
-0.002 -0.001 0.000  0.001 0.002

Er
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Current low-E data:
dominated by

b(0*— 0%), A(n)

Gonzalez-Alonso,
Naviliat-Cuncic,
Severijns, 1803.08732

0.010¢
0.005-
0.000:
—0.005:—

-0.010¢

FUTURE

gs=1.01(10)
g7 =0.99(4)

dl ~To (I+ b me /Ee)

N

b (n) @ 0.001
Prospective beta decay
\ measurements
/ | competitive with strong
\ LHC constraints, probing
NAst ~10TeV
LHC 36fb-!
@ 13TeV
Bhattacharya et 4| Note: =10% uncertainty
1806.09006 |  on gsT is essential to

-0.002 -0.001  0.000
ET

18

achieve competitiveness

WM 0.002

b (6He) @ 0.001



Fk — (th))Q X ‘Vz’j|2 X IMhad‘Q X (1 + 5}20) X Fkin




2. Total decay rates (mostly €_R)

quark

Lk = (GP)? % |Vig* x | Myaal* x (1+ 8rc) % Flan

Lifetimes, l Q-values —
BRs Experimental input phase space



2. Total decay rates (mostly €_R)

quark

Theory input

Hadronic / nuclear LQCD, chiral EFT,
matrix elements dispersion relations
and radiative corrections + expt. input (ga)



Lk = (GP)? % [Vig|* x | Myaa|* x (1+ 8rc) % Fan

Channel-dependent
effective CKM element

Vud = Viud [1 + €L T €r+ b(€S> €T) Fl{in]

1Vaal? + Vil + Vs = 1+ Acxou(cr)
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Vs

0.226 -

0.224 -

0.222

0.220

0.9

Global fit:
Ackm = - (15 % 3)x10-4

“Mesons only” fit:
ACI(M = - (|8 i 6)"'0-3

K- Trev (0.27%)

60

Nuclear decays

0+ — 0+

(0.015%)

1 ] \
0.965

1 I |
0.970




[ Vaa|” + | Vas|? +M|2 =1+ ACKM(@')J

Vus

Global fit:

0.226 - Ackm = = (15 £ 3)x 104

: Ackm = - (18 £ 6)x10-3

“Mesons only” fit:

0.224 -

K— Trev (0.27%)

0.222
0+ — 0+
Nuclear decays —
(0.015%)
o220l — . . .. 1
0.960 0.965 0.970

Discrepancy could be explained in
terms of €r() (~0.4%), and &r (~0.1%)

Used radiative corrections from Seng
et al,1807.10197. Discrepancy goes
from 50 — 30 if use Czarnecki et al,
1907.06737 — Importance of model-
independent treatments of radiative
corrections, in all decay channels
(requires EFT + lattice QCD).

Theory analysis of nuclear decays at
0.015% level currently suffers from
nuclear structure uncertainties:
neutron will be the arbiter



I I
|
Vus

I Global fit:
0.226] Ackm = - (15 % 3)x10-4

Vud from neutron decay currently at 0.06%

Independent extraction of Vua @ 0.015%,
via neutron decay requires:

“Mesons only” fit:
Ackm == (18 £ 6)X10-3

% /2
. [4908.6(1.9) s]
ud = 7o (14 37%)

0.224 -

.

J

K- Trev (0.27%)

OT,~0.7s — 0.3s = 0.Is

Neutron decay

5 @ LANL UCNT = UCNT+
(0.06%) g _
+ 5 0+ 2.
g-Au 2 dgalgs ~0.044%— 0.02 %
(0.015%) — |
0.220 L N
0.960 0.965

1 | L
0.970

@ LANL UCNA+ — PERC



World data on 1,

O
2
=
o
895.0 &
892.5 "
. 9 w
o UCNT result is the world’s oo E
o
. . o o o Beam
2 I a 888.0 +2.0s H I y
most precise (Science, 2018) wrs| & f ox2 : gl 2 g | e
© 885.0 g : 5 % ~ 2
< - 3 B S puw
= g z &
882.5 Q ; £ n
i - =
o T\ 0
880.0 & T 4| TS| Bottle
879.2 £0.6s -L ] (@] average
X%/8 =2.49 E I N
UCN source 877.5 .
\
875.0 ES<
1995 2000 2005 2010 2015 & 2020~ UCNT

Publication Year

New nEDM experiment

UCNT experiment

* New LDRD investment:
e 0T, — O.ls
e Ogalgn — 0.03%
e Rad.Corr.:LQCD + EFT

UCNA/B experiment
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S. Alioli, VC, W. Dekens, ]. de Vries, E. Mereghetti 1703.04751

Associated Higgs (
production at LHC ELR u;
q W b<e_
7
ER EL
s N - N
g\\' | _ Gauge Z 3
LEP, SLC /5\ o e /%\
Z-pole: / U dr dr qr
Falkowski et al - 7N g
1706.03783 \

Due to weak
iIsospin symmetry, vertex corrections
involve the Higgs & Z bosons

23

Neutron decay:
A =ga(l —2¢&R)

Constraint on €r uses
ga =1.271(13)
(CallLat 1805.12030)

AckM = ELTER

6r(1'r—>uv) « &L~ &R
[fr from LQCD]




S. Alioli, VC, W. Dekens, ]. de Vries, E. Mereghetti 1703.04751

90%CL allowed regions, assumes only two operators at high scale

Associated Higgs
production at LHC

q sh ’ ’
W s ELR /
w ELR
q 0.02} .

LEP, SLC

EL

Z-pole:
Falkowski et al
1706.03783

0.04

.......
- ~ -

23

N\
\ Z pole
0.00f +————— -ty N e PR
pwp =1.0£0.1 [ O
(Run 2 projection)

-0.02}

— 0 =07 — v

----- WH, /S =14TeV
—0.04}: : : — rf—>pe —

-0.04 -0.02 0.00 0.02 0.04
ER

Neutron decay:
A =ga(l —2¢&R)

Constraint on €r uses
ga =1.271(13)
(CallLat 1805.12030)

AckM = ELTER

6r(1'r—>uv) « &L~ &R
[fr from LQCD]




S. Alioli, VC, W. Dekens, ]. de Vries, E. Mereghetti 1703.04751

90%CL allowed regions, assumes only two operators at high scale

Associated Higgs 0.04
production at LHC
N w " £ n S
/ LR / ELR e
Naatl !
€L |000f
LEP, SLC
Z-pole: 002l
Falkowski et al
1706.03783
—0.04} -

(Run 2 projection)
— 0* =0 7m— uv
----- WH, VS =14TeV
— nN—pev
-0.04 —0.02 0.00 0.02 0.04

Neutron decay:
A =ga(l —2¢&R)

Constraint on €r uses
ga =1.271(13)
(CallLat 1805.12030)

AckM = ELTER

6|_(Tr—>uv) « &L~ &R
[frr from LQCD]

B decays more constraining than collider: probing ALr ~20 TeV



e EFT shows that a discovery window exists well into the LHC era

e Beta decays play unique role in probing vertex corrections
€L-€R (unmatched sensitivity compared to LHC)

* Beta decays can be competitive in probing scalar and tensor
interactions if precision reaches < 0.1% (&s-€1 plots)

e LANL key player in the international neutron physics scene

24



Neutrinoless double beta decay

25



® For certain even-even nuclei (“8Ca, 76Ge,'36Xe, ...), single B decay is
energetically forbidden — B[ decay!

n p m/\ : 5 :
= > @ . A Even
e
S o |
v
M. Goppert a W p\e
Mayer, 1935 > >

A4

® 2v[BP is the rarest process ever observed, with T2 ~ 102! years
(first observation in 1987)
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® Yes, if neutrinos are Majorana particles (i.e. their own antiparticles)

\
W.H. Furry, 1939

This is just
V(R), which
mixes with
V(L) via mass
insertion

27
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V(L) ———»
P

—>

V(R) ——»
P

E. Majorana, 1937



® Yes, if neutrinos are Majorana particles (i.e. their own antiparticles)

;; \
W.H. Furry, 1939

27

“Subject to the usual limitations on
the meaning of such language, one
can say that a (virtual) neutrino is
emitted together with one
of the electrons and reabsorbed
when the other electron is emitted.”



® Yes, if neutrinos are Majorana particles (i.e. their own antiparticles)

“Subject to the usual limitations on
the meaning of such language, one
can say that a (virtual) neutrino is
emitted together with one
of the electrons and reabsorbed
when the other electron is emitted.”

® Key point:in OV Lepton Number changes by two units.
VM exchange is just one possible mechanism. Furry understood this:

“The Majorana form of the theory is not the only one that permits this new form of
disintegration [...]. The Majorana theory provides, so to speak, a canonical form.”

27



® Yes, if neutrinos are Majorana particles (i.e. their own antiparticles)

“Subject to the usual limitations on
the meaning of such language, one
can say that a (virtual) neutrino is
emitted together with one
of the electrons and reabsorbed
when the other electron is emitted.”

® Modern viewpoint on LNV:

d__) Gr )_u_ d Exchange of heavier
Ve - neutrinos or other
Mee but also Majorana particles. At
_ low-energy induce six-
M © fermion operator ~1/A\3
d G u d u

27



® B-L conserved in SM — 0V = new physics, with far-reaching implications

W W
® Demonstrate that neutrinos are their ‘ h
own antiparticles o —

Shechter-
Valle 1982

® Probe origin of neutrino mass

® Establish L non-conservation, a key
ingredient to generate the baryon
asymmetry via leptogenesis

Fukujgita-
Yanagida 1987

Construction of ton-scale OV experiment (T2 >1027-28yr) is the top
priority for new project starts in the 2015 NSAC Long Range Plan

28



e Several experiments worldwide

e LANL co-leads 76Ge-based search.
Majorana Demonstrator = LEGEND

~50 institutions, ~250 scientists, S. Elliott co-spokesperson

) _4 *Background goal
0.6 cts/(FWHM t yr)
*Data start ~2021

A

dN/dE

10 ™

0 0.2 0.4 0.6 0.8 1.0

E/Qy

Tiz2 ~ 1028 yr

LEGEND-1000:
*1000 kg, staged via 4 payloads
*Background goal

<0.03 cts/(FWHM t yr)
-Liquid Ar cryostat shield
Location to be selected

29



e Challenging experiments and challenging theory!

 Connect any source of LNV to

nuclei: multi-scale problem! Mechanism

e Our approach: use effective field VEW

theory techniques to bridge scales,
combined with LQCD and
nuclear structure ke~ 100 MeV

|/Coupling

Tin ~ (Mw/A)A (Ay/mw)B (kelAy)C

30



 Majorana mass generated by exchange of heavy neutrinos, neutral

under all SM charges (=sterile)

H X X H f Y2 VEw? MR"~eﬁ

VL

VL Mg —10's GeV

VR

\_

31



 Majorana mass generated by exchange of heavy neutrinos, neutral
under all SM charges (=sterile)

31



 Majorana mass generated by exchange of heavy neutrinos, neutral
under all SM charges (=sterile)

v s R R RS

. Mg

Yy Ly |) CP- and L- violating

/ ) .\‘\ out-of-equilibrium
VL @ VR VL decays of heavy Vg, = n_
Mg >> VEw l my ~ y2 Vew?2 Mg-! [F(I/R — H*() #T'(vp — HY) ]
n Gr P 2) EW sphalerons = ng = # n_
s.F oy

‘L by

d, b,
dL Ve

31



* In this case OVPBP is a direct probe of V Majorana mass: I« |Moy|? (mpg)2

9 n Gr P
_ 2 2 T e
<mﬁﬂ> — I Z Ueimvzl < F\
. ‘Uei /4( e
n o G P
P — (m,)” (m,)’
‘(Am’),..
(m,)*
. 2 ve
Strong correlation with (Am),.,
. . a v
oscillation parameters * (),
m v,
(m,)*
(Am?)_,
(m)* (m,)’ p E—
A
NORMAL SPECTRUM INVERTED SPECTRUM
|T\Iightest2 =1
A 4
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* In this case OVPBP is a direct probe of V Majorana mass: I« |Moy|? (mpg)2

no GFA P
2 2 ” Uei A e_
(mgg)? E UZmy F\
JUei 4/ e
n G P
I
Q 1 bk Cinirvent lintits ik !
é HERRBRRRRIRR RN Hh R i
“~ mmm,g S i B i
e [liansa e npecied i il
~10 Assume range for
nuclear matrix
(- . ) 1 elements from
Dark bands: A 0 I . )
unknown phases | | RNG——— mgismey g 1 ON SCa’e .. L melomey 4 different many-body
methods
10 -
Light bands: : ]
uncer‘tainty from : : PlOt by K Heeger
oscillation i 0 1
parameters(90% CL)
- J 1= E3 E
- Inverted Spectrum oo Normal Spectrum
Ll Lol Lol NIRRT BN EEET R EEE N EEE
1 10 100 1 10 100
Myoptest (meV) Myiohtest (meV)

Discovery @ ton-scale possible for inverted spectrum or Miightest > 50 meV
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Engel-Menendez 1610.06548

85 NREDF A .
7 — R-EDF W *‘ -]
- QRPAJy X ]
* Sensitivity to mpg affected oot ) S S T
. . S - v B
by large uncertainty in & e L
. SMStMTk @ b X I -
“nuclear matrix elements””: sE v ol ¥ wE.om L
A 20 4
[ > |[Mov|2 (mpp)?2 f;_: AL
oF S S R

48 7682 96100 116124130136 150

A

e Steps towards controllable uncertainties in matrix elements:

e Use chiral EFT as guiding principle

* Lattice QCD for hadronic matrix elements (e.g. nn—pp)

e “Ab initio” nuclear structure calculations:
from light nuclei (benchmark) to 4Ca and 7¢Ge

DOE Nuclear Theory Topical Collaboration (Pl Jon Engel): http://c51.lbl.gov/~0nubb/webhome/
33



V. Cirigliano, W. Dekens, }. de Vries, M. Graesser, E. Mereghetti, S. Pastore, U. van Kolck
1802.10097, Phys.Rev.Lett. 120 (2018) no.20, 202001

* Transition operator to leading order in Q/\y (Q~kr~mm, Ay~GeV)

(0 » n )

‘New’: short-range coupling gy ~1/Q?2 .

‘Usual’ vm exchange ~1/Q2 . O :
) &~ Q Required by renormalization of nn— ppee amplitude
Coulomb-like potential : . :
in presence of strong interactions
n P
n P
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* Chiral symmetry relates gv to one of two |=2 EM LECs (hard Y’s & V’s)

gv gv=C| Ciddy S (dw)

* NN scattering data determine (C;+C;), but not gv=C,

* Assuming gv~(C| + C3)/2, what is the impact on mpg extraction?
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1907.11254
| 12Be = 12C A.|=2
1.5} { YEFT |
ity ses| A
o Evaluate impact in light nuclei usingVMC
?. { A= [drC(r) wavefunctions from
= o ;{‘.‘ : | Norfolk chiral potential [1606.06335]
S i
0. 0pe" f W o . . :
[ , o gv contribution sizable in Al=2
a~(CHC)2 {;" transition (due to node):
0.5 gﬁgﬁ - C forA=12, As/AL=0.75 p
0 2 4 6 8

36



V.C , W. Dekens, ]. de Vries, M. Graesser, E. Mereghetti, S. Pastore, M. Piarulli, U. van Kolck, R. Wiringa,

1907.11254
12Be -12C | Al=2
1.5} } xEFT |]
Xy
1 4
P AL
g : A= [drC(r)
e '
1505 ; }i
Y

Evaluate impact in light nuclei usingVMC

wavefunctions from
Norfolk chiral potential [1606.06335]

gy contribution sizable in Al=2

transition (due to node):
forA=12, As/AL=0.75

~

Transitions of experimental interest (76Ge— 7¢Se, ... ) have Al=2
(and node) = expect significant effect!

Determination of gy is a decadal’ challenge: analytic methods & lattice QCD



d u

e TeV sources of LNV may lead to A
observable contributions to OV e
not directly related to the exchange Vr e
of light neutrinos i W .

* May lead to correlated (or precursor!) signal at LHC: pp —ee jj

* New contributions can interfere with mgg or add incoherently,
significantly affecting the interpretation of experimental results
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* Ton-scale OVBP searches (T2 >1027-28 yr) have great discovery
potential — we simply don’t know the origin of neutrino mass

and the scale A associated with LNV

e Exciting prospects to improve theory uncertainties thanks to
synergy of EFT, lattice QCD, and nuclear structure

e LANL co-leads a world wide 76¢Ge-based experimental search
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* Precision frontier experiments are
exploring uncharted territory in our VEW

search for new physics. Important
component of DOE mission (HEP, NP)

| /Coupling

e LANL at the forefront of the precision frontier through
experiment, theory, high performance computing

e |llustrated challenges and impact through B and B decays
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